INTRODUCTION
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Resale or republication not permitted without written consent of the publisher Briggs et al. 2005 . Bd dynamics in seasonal temperate environments appear to be more variable than in the tropics, with some populations showing no observed negative fitness (Daszak et al. 2004 , Longcore et al. 2007 ) and others succumbing to disease-driven population declines (Bosch et al. 2001 , Muths et al. 2003 .
Seasonal correlates of chytridiomycosis dynamics are expected in natural populations because temperature affects fungal growth and host immune res ponse, both of which influence pathogen growth and transmission (Maniero & Carey 1997 , Berger et al. 2004 , Pio trowski et al. 2004 . Bd maintains high fitness from 4 to 25°C through a series of life history tradeoffs. The fungus grows optimally and develops into zoosporangia faster in warm temperatures from 17 to 25°C, but develops greater numbers of zoospores per zoosporangium from 7 to 10°C (Woodhams et al. 2008) . Growth is inhibited at temperatures as cold as 4°C (Piotrowski et al. 2004 ), but the pathogen maintains longer periods of zoospore activity (Voyles et al. 2012) . Although Bd thrives in relatively cool weather, it perishes in prolonged temperatures above 30°C (Piotrowski et al. 2004) . In contrast to the relative success of Bd at low temperatures, amphibians are more susceptible to infection during variable or cold weather (Maniero & Carey 1997 , Raffel et al. 2006 .
Low temperatures may promote chytrid infections in the early spring when the amphibian immune response is suppressed following hibernation (Maniero & Carey 1997) , and cool but rising temperatures encourage Bd growth (Woodhams et al. 2008) . Similarly, infection intensity and prevalence may be low in the summer because high temperatures strengthen the amphibian immune system and decrease fungal growth (Ribas et al. 2009 ), allowing individuals to clear infection (Woodhams et al. 2003 , Rowley & Alford 2013 . We therefore hypothesized that Bd infection dynamics in the northeastern US would be highly seasonal due to temperature effects on the amphibian immune response (Ribas et al. 2009 ) and/or optimal environmental conditions for Bd growth and survival (Piotrowski et al. 2004 , Woodhams et al. 2008 , Voyles et al. 2012 .
Amphibian ontogenetic variation is also highly seasonal. Amphibian metamorphs frequently exhibit higher infection intensity and prevalence than their adult counterparts (Longo & Burrowes 2010 , Russell et al. 2010 . Increased infection in juveniles is not completely understood and may signal either increased (Russell et al. 2010) or decreased (McCallum 2005) susceptibility of metamorphs to chytridiomycosis. If increased susceptibility to the epithelial disease is the cause, high infection prevalence may originate in part from an undeveloped immune system (Rollins-Smith 1998) and greater surface area-tovolume ratio (Longo & Burrowes 2010) . Juveniles typically emerge in late summer and gain body mass as they age, causing a correlation between season and mean population body mass. Therefore, amphibian body mass is a potentially confounding factor linking host−pathogen dynamics and seasonality. The effect of sex on infection prevalence is still unclear. Some studies have found that males show higher infection prevalence than females , whereas other studies have found that females show higher infection prevalence than males (Russell et al. 2010) .
The amphibian chytrid fungus is widespread in the northeastern USA (Longcore et al. 2007 , Becker et al. 2012 ), but with a few exceptions, seasonal dynamics of Bd in high-latitude, highly seasonal temperate regions have not been well studied (but see Groner & Relyea 2010 , Russell et al. 2010 . In this study, we characterized temporal Bd dynamics in upstate New York. We investigated the role of host body mass, host identity, sex, and environmental temperature on Bd prevalence and infection intensity in 2 amphibian communities. Characterizing seasonal Bd dynamics across species and habitats clarifies factors that lead to disease outbreaks or sub-lethal Bd impacts on temperate amphibian populations, and provides insights into regional, seasonal, and host-specific determinants of chytridiomycosis-induced declines. Finally, understanding seasonal Bd dynamics helps target the most effective sampling times for future surveys to quantify Bd impacts on amphibian assemblages in the temperate northeastern USA and regions of similar climatic conditions.
MATERIALS AND METHODS

Study site
We quantified Bd infection intensity and prevalence across seasons in amphibian communities at 2 ponds in Ithaca, New York, USA. The first study site comprised a vernal pool with substantial canopy cover located at Ringwood Preserve (RP; 42.451°N, 76.365°W). The preserve is managed by Cornell University and experiences low levels of both human influence and environmental degradation. The second study site comprised an open pond located in Sapsucker Woods (SW) at the Cornell University Lab of Ornithology (42.481°N, 76.451°W) . SW is a relatively disturbed habitat with limited canopy cover and higher human habitation density. The study pond at RP was approximately 450 m 2 , whereas the study pond at SW was considerably larger at approximately 4000 m 2 . We expected the ponds to exhibit different amphibian compositions due to discrepancy in size and vegetation cover, and thus sampled both ponds to discern infection patterns more similar to the region as a whole than could be determined at a single site. We surveyed each study site once a month from April 2011 to October 2011, for a total of 7 consecutive months of sampling at each pond. Sampling did not take place from November through March because of snow cover and the absence of amphibians. Although Notophthalmus viridescens can be active beneath winter ice (George et al. 1977) , we felt that retrieving an adequate sample size would have been difficult and less informative than focusing on larger samples during the months of highest activity.
To survey each population, species were caught by hand or dip net opportunistically through visual encounter surveys around the perimeter of each pond. Sampled animals occurred both at the water's edge and submerged within several feet of water. We swabbed the skin of captured individuals with sterile fine-tip swabs following standardized Bd protocols (Hyatt et al. 2007 ). We handled each amphibian with a fresh pair of latex gloves to prevent Bd transmission between individuals. In total, the survey included 13 species of amphibians:
viridescens (eastern newt), Plethodon cinereus (redbacked salamander), Pseudacris crucifer (spring peeper), and Hyla versicolor (gray treefrog). For every individual captured, we re cor ded body mass to the nearest 0.1 g. We also recorded sex for adult L. catesbeianus and L. clamitans to test for the influence of host sex on infection prevalence and intensity.
Laboratory methods
Following a protocol specific for Bd (Hyatt et al. 2007 ), we extracted DNA from swabs using Prepman Ultra (Applied Biosystems) and measured infection intensity for each individual using real-time quantitative polymerase chain reaction (qPCR; Boyle et al. 2004) . We calculated infection intensity as the number of zoospores present on each swab, and prevalence as the percentage of individuals in a population infected with chytridiomycosis. We calculated standard error confidence intervals for infection load estimates and 95% binomial confidence intervals for monthly infection prevalence estimates. The ITS copy number of the Ithaca, NY, Bd strain is unknown, but likely similar to JEL404 (New Hampshire, USA) which contains 39 ITS copies; the JEL427 strain used in qPCR analysis contains 65 ITS copies (Longo et al. 2013 ). Given the difference in ITS copies between strains, we considered an individual Bd-positive if its swab sample exhibited successful qPCR replication relative to negative controls, even when zoospore genome equivalents were <1, to prevent underestimation of Bd load (Longo et al. 2013 ).
Statistical analysis
The Northeast Regional Climate Center Game Farm Road weather station in Ithaca, NY, provided air temperature data for the study (Northeast Regional Climate Center 2011). We averaged daily air temperature (calculated by averaging high and low daily temperatures for all 30 days prior to each amphibian sampling date) to include seasonal temperature in the statistical analysis of community infection prevalence and intensity. We tested for seasonal changes in Bd infection prevalence and intensity over time for all species combined (community level) and independently for L. catesbeianus, L. cla mitans, and N. viridescens. These species were chosen for individual analysis because they had a large, consistent sample size through out our survey period (Table 1) .
Community and species-specific seasonal variation in infection prevalence was examined using generalized linear models (GLMs) with binominal distribution and logit link. Standard least squares residuals of log community infection load by month (W = 0.640, p < 0.0001), and log community infection load regressed on multiple explanatory variables (W = 0.764, p < 0.0001) were both non-normal according to the Shapiro Wilk W-test for non-normality. Thus, we used GLMs with Poisson distribution and log link to test for seasonal variation in infection intensity. Zoospore genome equivalent Bd load was rounded up to integers to fit a Poisson distribution. Although the Poisson distribution appears zero-inflated from the inclusion of uninfected individuals, exclusion of uninfected individuals did not significantly change model results (Table 2) . At the community level, models testing seasonal variation in infection prevalence and intensity also included the fixed effects of sampling site, species, body mass, and temperature. Addition of the fixed effect sampling site controls for spatial heterogeneity in all analyses containing individuals from both RP and SW.
In the prevalence and infection intensity GLMs for L. catesbeianus and L. clamitans, we independently tested the effects of sex and mass, and controlled for month and site as fixed effects. We define μ as mean infection intensity when comparing Bd-load between sexes. In the prevalence and infection intensity GLMs for N. viridescens, we tes ted the effect of month and mass but did not control for sampling site or sex because this species was present in only 1 pond and we were unable to sex individuals.
RESULTS
Seasonal patterns
We detected Bd every month at 2 focal study sites in upstate New York. The mean 30 d air temperature (Piotrowski et al. 2004 , Rowley & Alford 2013 and therefore the minimum air temperature at which amphibian body temperatures could approach Bdkilling levels, also occurred from June to September. The majority of days that met or exceeded 29°C occurred in July (N = 18 out of 31 total days; 58%), which was also the month with the lowest community infection prevalence and intensity ( Figs. 1 & 2) . Spring and fall supported the highest community infection prevalence, which peaked in May (46.2%; CI 32.2−60.6%) and October (47.1%; CI 29.8− 64.9%), respectively (χ 2 = 21.52, df = 6, p < 0.0015). Community infection prevalence decreased during the summer, reaching its lowest point in July (28.0%; CI 18.2−39.6%; Table 3, Fig. 1) .
At the species level, Lithobates catesbeianus and L. clamitans followed seasonal prevalence patterns similar to that of community infection. L. catesbeianus infection prevalence peaked in the spring and hit its lowest level in August (27.3%; CI 10.7− 50.2%). Although April and May exhibited 100% prevalence, this pattern was not significant due to small sample size (χ 2 = 17.12, df = 5, p < 0.0043; Table 3 ). L. clamitans infection prevalence peaked in May (50.0%; CI 6.8−93.2%) and September (62.5%; CI 24.5−91.5%) and de creased during the summer, with the lowest infection prevalence during June (23.5%; CI 6.8−49.9%; χ 2 = 15.20, df = 5, p < 0.0095; Table 3 ). In contrast, Bd prevalence among Notophthalmus viridescens populations in crea sed steadily from April (14.3%; CI 1.8−42.8%) until June (66.7%; CI 22.3−95.7%), followed by the disappearance of infections in this species in July (0.0%; CI 0.0−52.5%; n = 5; Table 3 ). Infection prevalence in N. viridescens then increased again from July to October (75.0%; CI 34.9−96.8%; χ 2 = 15.75, df = 6, p < 0.0152; Table 3 ). Community infection intensity also varied significantly across months, generally following the same seasonal pattern as prevalence (χ 2 = 6340.05, df = 6, p < 0.0001). Excluding load outliers in April, the highest average infection intensities occurred in May and October, whereas the lowest average infection intensity occurred in July (Table 3, Fig. 2 ). L. catesbeianus (χ 2 = 11768.89, df = 5, p < 0.0001) exhibited significant variation in infection intensity across months, with load decreasing from May to July and increasing thereafter through October (Table 3) . L. clamitans (χ 2 = 2758.93, df = 5, p < 0.0001) and N. viridescens (χ 2 = 2784.47, df = 6, p < 0.0001) also exhibited statistically significant seasonal variation in infection intensity, with load increasing in the spring and fall, and decreasing in the summer (Table 3) .
Community: combined effects of species identity, month, location, mass, and temperature
In the community GLM using infection prevalence as a dependent variable, species identity, month, and Table 1 location (pond) strongly predicted Bd infection prevalence within communities while amphibian body mass and 30 d average air temperature did not ( Table 2 ). The infection intensity GLM showed a different pattern, with species identity, month, location (pond), body mass, and average 30 d temperature all strongly predicting community Bd load (Table 2) .
Species: combined effects of month, mass, location, and sex
In the species-specific GLMs, month significantly predicted infection prevalence and intensity for L. ca tesbeianus, L. clamitans, and N. viridescens catesbeianus (μ = 68.4; CI 9.1− 127.6; n = 39) and L. clamitans (μ = 4.6; CI 1.4−7.9; n = 36) exhibited higher average infection loads than males of the same species (L. catesbeianus: μ = 1.0; CI 0.3−1.7, n = 5; L. clamitans: μ = 2.3; CI 0.7−3.9, n = 30).
DISCUSSION
Seasonal variation in wildlife diseases is common in both tropical and temperate regions (Grassly & Fraser 2006) . Causes of disease seasonality include temporally driven changes in amphibian host immunity (Maniero & Carey 1997 , Raffel et al. 2006 , variable pathogen growth (Piotrowski et al. 2004) , and seasonal host life history traits such as breeding, aggregation (Kinney et al. 2011) , and development (Rollins-Smith 1998) . In this study, we found that variation in Bd dynamics was highly seasonal in 2 amphibian assemblages in the northeastern USA. Our results corroborate field and laboratory studies in which Bd infections increased under seasonally ) and environmentally cool conditions (Raffel et al. 2010) , and decreased under high temperature exposure (Woodhams et al. 2003 , Chatfield & Richards-Zawacki 2011 , Rowley & Alford 2013 . The temperature-dependent dynamics of Bd point to 3 distinct periods of community infection prevalence and intensity in the northeast: spring and fall generally support high population-wide Bd infections, in contrast to the summer when Bd infections are typically low. Although amphibian assemblages exhibit similar overall seasonal patterns of infection prevalence and intensity, monthly Bd infection dynamics differ across species, even within the same pond. Species identity significantly predicted Bd infection intensity and prevalence in the community GLMs, suggesting that different amphibian species and populations contribute variably to community infection dynamics and exhibit species-specific seasonal patterns of infection (Gervasi et al. 2013) . Differences in infection dynamics may be due to variation in host resistance or tolerance, which determine their susceptibility to chytridiomycosis (Woodhams et al. 2007 , Tobler & Schmidt 2010 . For in stance, tolerance to Bd infection has been characterized in Lithobates catesbeianus (Daszak et al. 2004 , Gahl et al. 2012 ) and hypothesized in L. clamitans (Gahl et al. 2012) , both thought to be carriers of Bd. Possible mechanisms of resistance include anti-fungal microbial interactions (Harris et al. 2009 , Lam et al. 2010 , acquired immune defenses (Richmond et al. 2009 , and antimicrobial peptide defenses (Rollins-Smith & Conlon 2005) . Species density and composition may also partially determine differences in Bd seasonality among species by influencing the perpetuation of Bd− host transmissions (Becker & Zamudio 2011 , Becker et al. 2012 , Venesky et al. 2014 ) and affecting disease transmission through individual contact rates (Ra cho wicz & Briggs 2007) . Future studies sampling pond diameters or transects rather than only pond edges may reveal additional within-pond Bd dynamics.
Species tested individually for seasonal variation were chosen on the basis of a large, consistent sampling size across months (Table 1) . Although we only collected enough data to analyze 3 species independently, all 3 species exhibited similar seasonal patterns of infection dynamics, despite substantial taxonomic and life history differences. The most prevalent species (L. catesbeianus, L. clamitans, and Notophthalmus viridescens) comprised the majority of potentially infected individuals, and therefore likely drove the overall infection dynamics we characterized.
Community-level analysis including all species captured portrayed seasonal patterns similar to the 3 most abundant species, emphasizing that species of small sample size either follow the dominant pattern of seasonality, or contribute minimally to overall infection dynamics if exhibiting another pattern of seasonality.
Seasonal variation in species composition meant that the variables month and species identity were not independent; however, we conclude that month remains a significant predictor of infection dynamics independent of species because month significantly predicted infection dynamics in the single-species models. Although species composition is confounded with sampling site, we used 2 separate ponds in the analysis precisely because we were expecting the ponds to exhibit different amphibian compositions due to their discrepancy in size and vegetation cover. Analysis of a single site may have reported patterns specific to that site rather than the region overall. Addition of the fixed effect sampling site also controls for spatial heterogeneity in all analyses con taining individuals from both RP and SW. For these reasons, we find it appropriate to retain our analyses with individuals captured from both sampling locations.
Host body mass failed to predict infection prevalence, but predicted infection intensity in the community and species-specific GLMs. If one assumes that smaller and/or younger amphibians generally weigh less than larger and/or adult counterparts, our results corroborate studies that found a negative correlation between amphibian body mass (Garner et al. 2009 ), size , Pearl et al. 2009 ), and age class in comparison to infection intensity (Longo & Burrowes 2010 , Russell et al. 2010 . In contrast to other temperate study systems, host sex failed to predict infection prevalence in our study , Russell et al. 2010 , although it significantly predicted infection intensity. To our knowledge, we are among the first to discern a relationship between sex and infection intensity, an intriguing pattern suggesting that sex-specific physiological or immunological differences may influence disease progression.
Air temperature in the 30 d prior to sampling significantly predicted infection intensity, but surprisingly failed to predict infection prevalence. Absence of a significant pattern highlights the possibility that seasonal correlates unrelated to temperature, or another measure of temperature, such as temperature averaged over a shorter time interval or daily highs/lows, better track seasonal changes in Bd prevalence than the average 30 d temperature prior to sampling. Our results may also indicate that sea-sonal fluctuation in environmental temperature affects infection intensity more strongly than infection prevalence. Despite evidence of environmental temperature effects on Bd infection prevalence and intensity , the effect of a warming climate on infection dynamics in high-latitude, low-altitude temperate regions remains unclear; increa sing temperatures may both help amphibians clear infection during warm summer months (Woodhams et al. 2003 , Rowley & Alford 2013 and increase infection during winter months as rising temperatures approach growth and survival optima of Bd (Piotrowski et al. 2004 , Woodhams et al. 2008 , possibly resulting in enhanced seasonal fluctuations of infection prevalence and intensity. In general, the contribution of climate change to Bd-driven amphibian declines remains uncertain (Lips et al. 2008 , Li et al. 2013 .
Bd is widespread in the northeastern USA, but amphibian populations persist in an enzootic state, with no evidence of population declines to date. However, even an enzootic state of Bd may produce low level effects on the population, such as smaller body size and reduced reproductive rates (Burrowes et al. 2008) . Despite persisting with Bd, many enzootic populations experience declines, particularly in juveniles (Longo & Burrowes 2010 ) and in cooler seasons . If amphibian decline exists in the northeastern USA and infection intensity predicts an individual's susceptibility, then May and October are likely the critical months of frog decline, while June would bear the highest rate of salamander decline. However, species level variation in temporal Bd dynamics somewhat diminishes the notion of critical months of decline in an ecosystem. Further, the absence of high-latitude amphibian die-offs may be attributed to environmental temperatures during the warmest and coolest months; winter might suppress Bd infection through low temperatures and low amphibian abundance, whereas summer could suppress infection due to temperatures higher than those at which Bd is able to grow and/or survive.
Understanding Bd seasonality is critical to designing and implementing sampling protocols. For surveys that test the presence or absence of chytridiomycosis in a region, we recommend sampling during the coolest month(s) of the year that amphibians remain active (typically late spring and early fall) when Bd infections reach peak prevalence and intensity levels. Seasonality of Bd infection indicates that chytridiomycosis surveys from different sampling time points may not be comparable. Past chytrid sampling efforts from climatic conditions that discourage Bd growth may have underestimated chytridiomycosis prevalence and intensity or failed to detect disease presence (see .
In conclusion, our results show that chytridiomycosis infection load varies seasonally in temperate climates: low infection intensity and prevalence occur in warm months (summer, specifically July) and high infection intensity and prevalence occur in cold months (fall and spring). We have also shown that amphibian mass and sex are poor indicators of infection prevalence, but species identity and season are important factors affecting disease dynamics. Characterizing the seasonal fluctuation of Bd dynamics in a highly seasonal environment further clarifies the optimal sampling periods to assess Bd presence and impact. Our study also indicates that summer surveys to evaluate chytridiomycosis may drastically underestimate Bd infection prevalence and intensity, leading to false conclusions about the severity of chytridiomycosis-induced mortality and decline. 
